efficiency of 25 um long diodes in S-band at low duty cycle has
been increased from the preliminary 12% to 15-16% by optimizing
the circuits. The pulse power was about 8 watts. At 10% duty
cycle the efficiency dropped to 9% and because the diode would
not take as high a bias voltage, the maximum pulse power dropped
to 3.5 watts. At 90% duty cycle the efficiency was 6% and the

maximum pulse power 2 watts. The decreases in efficiency and

pulse power with increased duty cycle are larger than expected,

and the reason for this will be studied more carefully.

PLANS FOR THE NEXT INTERVAL
The computer calculations and the experiment will continue
in order to find out how the devices and the circuits shall be

designed to obtain optimum performance.
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A.4 GUNN EFFECT AMPLIFIERS

D. Lochhead and J. Frey* %
a. Introduction

A method for the design of wideband Gunn Effect Amplifiers

¥Project Supervisor
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in microstrip utilizing the dynamic output of a wideband network
analyzer is presented. A coaxial multi-slug circuit is used to
obtain a prototype design, which is transferred to microstrip
using standard techniques. A microstrip amplifier with a
maximum gain of 6 dB and 3 dB down bandwidth of 2 GHz is compared
to its,c?axial prototype.

b. Experimental Results

While the design of reflection-type amplifiers utilizing
Gunn effect devices can be pursued with sophisticated and
expensive automatic techniques1 a simpler method, involving
prototype modeling of the amplifier circuit in an adjustable
coaxial-line system and subsegquent transfer to microstrip form,
can be used with good results. With "supercritical' devices
(nl>5x1011/cm2), thermal effects, in conjunction with non-
uniform field profiles within the active device, can lead to
stabilization of oscillations if the bias field for amplification

253 so that the amplifier

is considerably above threshold field
circuit's main function is to tune out the capacitance of the
device over the amplifier bandwidth desired, optimally matching
the negative resistance of the stabilized device to the load.
The relatively low Q of the active Gunn effect device can thus
be used in conjunction with a low-Q tuning slug to achieve
stable amplification over a broad bandwidth.

Our design method utilizes the dynamic wide-band display

available from a network analyzer in order to see immediately

14
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the effect of various tuning slugs and slug positions in a
coaxial circuit on amplifier gain and bandwidth. A block
diagram of the design circuit is shown in Figure A.4.1; orig-
inally a 50 ohm coaxial line (N-dimension) with the active

device mounted in a coaxial cavity at one end, is connected

|
!
|
1

at plane "A". Matching slugs are moved along the line until |
optimum prototype amplifier performance -- which may be
measured by maximum bandwidth, maximum gain over a small band-
width, etc. -- is obtained, and the design is transferred, by
means of standard procedures,u to a miecrostyip ce¢ircuit on
alumina substrate. Optimum gain-bandwidth product results to
date have been obtained using relatively high-impedance slugs
(34-45 ohms), that are a quarter-wavelength long at the center

of the pass band. Since the maximum rf power that can be

tolerated by the network analyzer is about 5 mW, the technique
described can be used only to optimize the small-signal behavior
of the amplifier, but the amplifier's saturation characteristics
will in any case be more dependent upon the device than upon

the circuit. The dielectric constant of each alumina substrate

e measured5 before linewidths are calculated but, as yet,

dispersion in the microstrip line has not been included in the
design.

The "circulator" used in optimizing the circuit design
with the network analyzer is within the analyzer itself. A

real amplifier once completely designed must include an

15
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external circulator, and some degradation of amplifier per-
formance when a non-ideal circulator is used must be expected.
If the circulator to be used is measured over the band, however--
and its VSWR is reasonably constant over the band--its im-
perfections can be included in the amplifier design.

A number of amplifiers have been constructed using the
techniques outlined above. Comparison of the performance of
one of them with its coaxial prototype is shown in Figure A.4.2.
For this amplifier, the active device had an nl product of
7x1011/cm2, active length 15 microns, and was operated at bias
levels between two and three times threshold, for amplification.
The device was not of the sandwich n+—n-n+ structure; its
cathode was an evaporated gold-germanium contact. Performance
at higher power levels than possible using the network analyzer,
but using a wideband circulator, verified these results, with

a saturated (3 dB down) net power output (Po - Pin) of 24 mw,

ut
within 5 mW of the power output available from the diode used
as an oscillator at 8 GHz.

The simple technique described for the design of micro-
strip Gunn effect amplifiers can be used for rapid design of
these devices, particularly when the nature of the active device
and the bias level at which it is operated remove the major
burden of stabilization from the circuit.

PLANS FOR THE NEXT INTERVAL

This 1s the final report on this subject.
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A.5 WIDE RANGE SWEPT GUNN MICROWAVE SOURCES

V. Wrick and W.L. Wilson¥

Work on this project was completed in this quarterly
period and a final report is under preparation. The following
is an abstract of this report.

Two circuits for varactor tuning Gunn oscillators have
veen investigated. The Multi-Axis Radial Cavity (MARC) yields
1 GHz of tuning at 8 GHz with 11 dB power variation. Power
output was limited to 18 mw to achieve broad tuning. Tuning
discontinuities exist within this range due to spurious

resonances in the bias wavetrap.

¥Project Supervisor
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The ridge-connected waveguide circuit (RCWC) produces
400 MHz of tuning at 9 GHz with 3.8 dB of power variation.
This circuit has also exhibited power in excess of 60 mW for
optimum coupling to the output line. Tuning discontinuities
are minimized due to improved wavetrap design.

The RCWC oscillator has been used in a phase-locked loop
to demonstrate an application for the varactor tuned source.
FM noise measurements are made for the free running oscillator,
and for several values of gain in the feedback loop of the

phase locking circuit.

PLANS FOR THE NEXT INTERVAL
During the next quarterly period, a final report will

be issued.

A.6 VARACTOR TUNED GUNN OSCILLATOR

G. Dennis and J. Frey¥

a. Summary of Oscillator Design and Performance Criteria

A trade off exists between tuning range and output power
in electrically tuned Gunn oscillators.l For a large tuning
range, tight rf coupling is essential, which means that the
tuning element should be as close to the Gunn diode as possi-
ble.

Although the objective of this work was to obtain the

¥Project Supervisor

20




meximum tuning range, it was also desired to maximize output
power for a given circuit.

A transmission line analysis of sample oscillator circuits,
both with and without the varactor, was made so that an ex-
pression for frequency and variation Af as a function of
varactor bias could be calculated. Both parallel and series
configurations were analyzed and their performance charac-
teristics compared.

b. Calculation of Gunn Diode Capacitance and Negative
Resistance

Using a measurement of the dc resistance R the Gunn

0’
diode "cold" or unbiased capacitance can be calculated using

the formula:

G = == (1)

where € = dielectric constant of GaAs
A = area of the junction region
d = length of the diode.

Using the d.c. resistance,

where p = resistivity of GaAs at a given donor density, Nd’

and

il i
76 au, Ny (2)

where q = electronic charge and L electron mobility for

21




a given donor density, the Gunn diode capacitance can be

written as 1

(=
C = ———— (3)
ROqu“n

Substituting values for & and u appropriate for GaAs below
velocity saturation, a measured value of RO = 1.6Q, and Nd =
1015/0m3; the capacitance of the Gunn diode used in the circuits

to be described below was about 0.6 pf.

The negative resistance of the Gunn diode was calculated

using the formula2

Vb
-R = 10 30\7:- 1/2 (W)
where Vt = threshold voltage of the Gunn diode
Vb = the bias voltage where the diode is operated.

The negative resistance was -9Q at the operating point used.
c. Transformation of the Coaxial Circuit into Microstrip
Prototype design of the Gunn oscillator circuits was

done using a 50Q coaxial line with two adjustable slug trans-

formers. The slug impedances which gave the maximum output

power, 60 mW for the diode considered above, were of 10Q
impedance, A/4 long at 10 GHz, as shown in Figure A.6.1. The
positions of the slugs and the diode were measured and re-

corded.

The slug impedances can be transformed into stripline

dimensions using the theory of Wheeler.3 The lengths between

&g




97 ghe s, "
T
T

*3TNOoJTO paunjy 1arTeaed

Jd0J pasn suoTleandrjuod dIJ3SOJOTH (Qq) pue ‘TBIXBOD (®B)

1°9*'Y 94n3Tdg

SONIS 3AILIOVAVD,

e— P —je—— o||+|n|VA| D

O\

30010
puz” 1517 NNNO
* * (a)
1n0
4y
MNIS
.U\V‘A||! .0 .D ||V‘A|.O —_—> 1V3H
O O
L S
u:mu EM [l
* * 30010
NNNO

(o)




the Gunn diode and the two slugs were calculated in air wave-
lengths, xo at the center frequency of the tuned band. Since
the dielectric constant of the ceramic is higher than that of
air, the wavelength Am in microstrip is shorter than the air
wavelength. For a dielectric constant of ten, do/dm = 2ol

At £ = 9.4 GHz, A, = 3.2 cm and Ay, = 1.2 cm.

0
d. Microstrip Circuit - Untuned Gunn Oscillator
The equivalent circuit for the microstrip line appears
in Figure A.6.2. Cp represents the parasitic package capa-
citance of the Gunn diode, which was measured anc found to
be .27 pf. A Smith Chart was used to reflect the slug
admittances back to the diode plane. Using the calculated

and measured values of CD, Cp and -G, the diode admittance

was calculated to be

Yd = -5,5 + j 2.25 mho.

e. The Parallel Tuning Circuit
The equivalent microwave and d.c. bias circuits for this

arrangement are shown in Figure A.6.3.

f. Performance of Parallel Varactor-Tuned Oscillator

The inductance and capacitance of the microwave circuit,
including the effect of the varactor, when reflected back to
the diode plane and combined with the parasitic capacitance
of the Gunn diode, determine a frequency of resonance in the

vicinity of the diode. A simple analysis can be done to
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(a)

A A A am

5003

(b)

i

Figure A.6.3 (a) The Equivalent Circuit, and
(b) The d.c. Bias Circuit

for a parallel tuned oscillator.
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determine the approximate effect of changes in the varactor
bias-level capacitance on this resonant frequency. This
approximate analysis shows that the change in resonant frequency
that occurs, when the varactor capacitance is added to the

circuit, is given by
RE = <1/ L/L" T (5)

where f = resonant frequency without varactor in circuit

o
L = inductance of resonance circuit as seen at
Gunn diode plane

L = inductance of varactor as seen at Gunn diode
plane (transformation of varactor capacitance).

L” was calculated for each varactor bias point by adding
the varactor capacitance to that of the first slug in the
transmission line analysis done before, and reflecting the
new admittance back to the diode plane. Since the change in
%ﬁ << fo = 9.4 GHz was used as the resonant frequency
tﬁroughout the calculations.

The actual tuning range was from 9.36 GHz with no bias
voltage on the varactor to 9.34 GHz with a bias of -40 volts
on the varactor. Tuning and power variation of this circuit
are shown in Figure A.6.4; theoretical tuning for 100% varactor
"efficiency" (coupling) is shown as the "100%" curve. To
quantify this coupling efficiency, a simple algorithm was

applied by means of which, for 100% coupling the total
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varactor impedance was reflected to the diode plane; for 50%
coupling, only one-half of the varactor impedance was reflected
to the diode plane; for U40% only two-fifths of the varactor
impedance was reflected, etc. The varactor was obviously, then,
not in a good position for tight r.f. coupling. Since most
field lines pass from the stripline through the substrate to
the ground plane the efficiency of coupling with the varactor
was poor. Only approximately 30% coupling is achieved with
the varactor in the position used.

The output power remained relatively constant over the
entire tuning range, ranging from 8.5 mW to 10 mW. This uni-
formity was also a function of weak coupling, since varactor

losses did not affect the circuit much.

g. Performance of Series-Tuned Gunn Oscillator

The basic series tuning circult was realized much in the
same way as the parallel circuit. The Gunn diode was first
mechanically tuned for maximum r.f. power. The distances
between the slug and the diode were calculated in the same
manner as before. The circuit used and its equivalent circuit

are shown in Figures A.6.5 and A.6.6. The varactor chip was,

‘for this experiment, placed in series with the microstrip line

and gold wire was used to connect the diode to the microstrip

line. For this circuit, the equation analogous to (5) is

A = 172 £, C"/C., (6)

0

29




.M
]
i

AR BT om

A A ASATT TSN %,

*3dutuna
S8TJ8s J0J pasn uorieandpjuo) dla3soJoIW (q) pue ‘Teixeo) (B) G°9°'y 84an3Tyg

le— q — —|p |
ks
q —

)

Q)

€ D

ﬁl g U
)
. = e
/ wilin
oN1s 3aoia
3AILIOVdVD NNNO

(o)

30




¢ Y
AN
GUNN
DIODE
| ity i aienastandhes 1
I l
| |
l | | 2
I |
I |
| B SR
;.
(b) VARACTOR —m8—
POWER ——jﬂL——
SUPPLY
SN | NN\
B~ N <
VARACTOR
DIODE
: BIAS TRAPS
i GUNN R b4
b A b3
C' CDolooe ki
GUNN
DIODE
POWER
SUPPLY

Figure A.6.6 (a) Equivalent Circuit and (b) d.c. Bias Circuit
for Series Tuned Oscillator.
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C” was calculated for each varactcr bias point.

The actual tuning range of the series circuit was 8.32
GHz to 8.20 GHz. Output power was much lower than, and varied
more than in the parallel tuned case, ranging from 0.6 mW to
.1 mW. Bilas traps used were A/U4 long at 6.25 GHz and led to
a measured power loss of 4 dB at 8.2 GHz. Figure A.6.7 shows
the calculated and experimental tuning values for the series

- tuned circuit, and the output power variations.

h. Summary and Conclusions

A comparison of two methods of electronic tuning shows
that a much broader tuning range can be achieved with the
series tuning configuration, as predicted by Cawsey.3 Tighter
coupling results in a greater frequency dependence on varactor
voltage. But along with the tight coupling, varactor losses
affect output power. Therefore, if only a small tuning range
is needed, the parallel configuration can be used with minimal
power variation across the band. The simplest varactor mounting
method, that of placing a chip directly on the microstrip line,
reduces parasitic capacitance but also reduces the efficiencies
of the varactor by a considerable amount. Other methods of
mounting varactor chips so as to more closely couple to the
r.f. field should be attempted. For example, use of a chip
above a parallel-line microstrip would probably be suitable for

varactor-tuned circuits.
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PLANS FOR THE NEXT INTERVAL

This project is now complete.
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A.7 A COMMUNICATION LINK USING PULSE-CODE MODULATION OF A
GUNN OSCILLATOR

T. Martin, W.L. Wilson¥* and G.C. Dalman¥

a. Introduction

The basic principles of pulse-code modulation will be
discussed. The design and performance of a one-channel,
narrow bandwidth, l6-level PCM modulator and demodulator will

be described.

b. Theory of Pulse-~Code Modulation

In analog communications systems, information is conveyed

by changes in the amplitude, frequency, or phase angle of a
continuous carrier signal. Pulse modulation systems rely on

the sampling thcorem, which states that if an analog signal is

*¥Project Supervisor
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sampled at periodic intervals, then the instantaneous amplitude
of the waveform at each sample time carries enough information
to accurately reproduce the analog signal (providing the

sampling rate is greater than 2 fmax’ where fm is the highest-

ax
frequency component of the analog signal). Pulse modulation
schemes may be divided into two classes - those in which some
parameter of the pulse varies continuously (i.e., pulse ampli-
tude modulation, pulse width modulation, pulse position modula-
tion); and those in which the pulses carry information in
digital form. The latter scheme is pulse-code modulation.

Binary PCM (henceforth referred to as simply PCM) has
several advantages over conventional modulation and over the
non-coded pulse schemes. The biggest advantage is that PCM
information 1s conveyed only by the presence or absence of a
pulse at a particular, known time. The receiver need not be
concerned with the amplitude, width, or precise position of
the pulse. This characteristic makes PCM the obvious choice
for transmitting information through a noisy channel. PCM is
also ideally suited to multiplexing, because the pulses (or
lack of pulses) occur at a precise, known rate.

c. Outline of Circuitry Required for PCM

The basic units of a PCM system are an analog-to-digital
(A/D) converter at the transmitter, and a digital-to-analog
(D/A} converter at the receiver. The other requirement is
some form of synchronization to separate the pulses corres-

ponding to one sample time from the others.
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Analog to digital conversion is accomplished in this
system as follows (refer to Figure A.7.1l). The sampling
period is 100 u sec (sample rate is 10 kHz). The start of a
sample period triggers a linear ramp generator. This ramp is
compared with the analog voltage, and when the ramp equals the
analog voltage, the comparator output changes states. The
ramp continues until it is cut off, a precise interval of time
after it started. The output of the comparator then changes
back to its original state. The comparator output is thus a
pulse whose width is inversely proportional to the amplitude
of the analog signal. The ramp is kept as short as possible
to minimize distortion due to variation in the sample rate.

This variable-width pulse gates clock pulses into a U-bit
binary counter, and is set up so that a maximum of 15 clock
pulses enter the counter for a given sample. The output of
the counter is connected to the parallel inputs of a shift
register, which transforms the U4-bit number into serial form.
These serial pulses control a monostable, which is adjusted to
give the desired width of pulse. Another monostable is
triggered by the beginning of each sample period, which pro-
vides synchronization at the receiver. Figure A.7.2 shows the
relationship between the various pulses used in this scheme.
Waveform I shows the analog signal and the timing ramp to the
comparator., Waveform II is the variable-width pulse from the

comparator. Waveforms III to VI are the clock pulses divided
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by successful factors of two. The last waveform (VII) shows
the composite output waveform which contains the sync pulse,
and the BCD pulses delivered in a chain.

The demodulator makes use of a simple but effective method
of D/A conversion. If the four pulses in each group are trans-
mitted back-to-front (i.e., so that the pulse corresponding to
2° is transmitted first) then the pulse group may be demodulated
by applying it to an RC network, as described fully in the
circuit description. Synchronization is provided by making the
sync pulse longer than the information pulses, so that .n«
receiver can differentiate between the pulses. The recovered
sync pulse in the receiver is used to dump the charge remaining
on the RC demodulating network, so as to ready it for the next

f-bit "word".

d. Circuit Description
1. Modulation
a. Crystal-Controlled Clock Source (Figure A.T7.3)

The digital system requires an accurate clock pulse genera-
tor. The frequency of the clock pulses 1is such that 15 pulses
occur in the time the sampling ramp is on. The circuit shown
is a crystal-controlled oscillator (Ql and associlated quarcz
erystal) working at 10.8 MHz. Transistor Q2 is an emitter
follower to prevent loading of the oscillator. The output of
the emitter follower does not go to zero volts however, so the

next stage, Q3, merely acts as a buffer to drive the U-bit
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binary counter (used here as a divider). The output of the
i : binary counter is a square wave of frequency f/2, f/4, £/8,
or £f/16, where f is the frequency of thc crystal oscillator.

The frequency chosen for this system is f/4, or 2.7 MHz.

b. Timing Generator (Figure A.7.4)

The timing generator takes the clock output (2.7 MHz) and

further divides it to give waveforms to be used for triggering
each sample period, triggering the synchronization, "latching"
the shift register, and clocking the shift register. The
operation of this unit is seen best by referring to the block
diagram (Figure A.7.1), and the waveforms shown in Figure A.7.2.
The dividing chain yields waveform A, used to initiate each
sample period; waveform D, which is used to clock the shift
register; and waveforms B and C, which, when properly cocmbined
with A, give a pulse which occurs at a precise position during
the sample period. The trailing edge of thic pulse triggers a

monostable, which puts out a latch pulse for the shift register.

¢. Comparator Operation (Figure A.7.5)

Referring to the schematic, the comparator operation is
straightforward. Transistor QM is a current source, charging
C1 or feeding Q5, depending on the voltage at the base of QS'
The monostable is triggered by A' (a short pulse marking the
beginning of each sample period). After being triggered, the
output at pin 1 goes from +4 volts to zero, causing Q. to shut

5

off for a time governed by Rl and C2. When the monostable
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returns to its normal state (+4 volts at pin 1), Q5 again con-

ducts, holding the collector of Qu at ground. Transistor Q6

s AT R &

is an emitter follower to bufler the voltage on Cl from the

comparator locading. he voltage a e em er o S normally
t loading T ltag t th itt £ Q6 i 11

|
|

zero, until A' triggers a ramp, whose duration is controlled by

Rl. Potentiometer R2

hence the slope of the ramp. The analog input voltage is capa-

controls the current from the source QM’

citively coupled to the base of Q7, which is biased to give a
qulescent emitter voltage of one-half the maximum ramp voltage.
This quiescent point is controlled by R3. The two voltages
(emitters of Q6 and Q7) are compared by ICl; the output of this
comparator is TTL compatible ("on" = A5 volts, "off" = a0 volts)
and 1s applied, along with the clock signal, to a 2-input NAND
gate. The output of this gate is a burst of from 0 to 15 clock
pulses. This output is inverted to provide the burst, which

is the input signal for the counter.

d. Counter, Shift Register, and Output Monostables
(Figure A.7.6)

The clock burst from the comparator board is fed into the
4-bit counter. This counter is reset at the beginning cf each
sample period by A', readying it for the counting. The clock
burst occurs during the first 6 u sec of the sample period;
after the ramp returns to zero, counting stops and the number
is held. This number is transferred to the shift register
during the "latch" pulse, which comes from the timing board.

The contents of the shift register are then clocked out serially
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by clock waveform D. The output of the shift register, "AND"ed

!

E‘ with D, is fed to the input of the "info" monostable, which

% triggers on the positive-going edge. The "sync" monostable

: has as its input A', and puts out a pulse indicating the be-
ginning of the sampling period. Two monostables are used (one
for "info", one for "sync") so that the duration of the sync
pulse may be made longer or shorter than the information pulses.
The pulse widths are controlled by the variable resistors

associated with each monostable. The inverted outputs (normally

high) of both monostables are fed to a NAND gate, whose output
is the composite waveform shown in Figure A.7.2. It is this
waveform which will control the pulse transmitter.

2. Demodulation

The input to the demodulator (Figure A.7.7) is a recon-
structed pulse train ("info") and sync pulses. The arrival of
a sync pulse causes Q3 to conduct, dumping the charge on Cl' ;
The sync pulse is "off" before the first info pulse arrives. |
The info pulses control the current flow through Q2, which
is normally zero because the base is clamped high. When a
pulse lowers the base volitage, current flows to put a charge on

C Because the info pulses are reconstructed, they all have

1
the same amplitude and duration. Thus, each pulse raises the

voltage on C1 by a constant amount Av. Resistor Rl drains off

the charge on Cl’ and is adjusted so that the voltage on Cl

due to pulse 1 (Av) decays to 1/2 Av at the instant pulse 2
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arrives. (This is of course assuming both pulses 1 and 2

were present.) By referring to Figure A.7.10, it is seen that
the voltage on C; anytime after the 4th pulse is directly
proportional to the value of the binary number. As stated
before, this scheme works because the binary number is trans-
mitted back-to-front.

The combination of JFET Qu and C, is a sample-and-hold

2
circuit, which samples the voltage on Cl at some time after
the arrival of the fourth pulse. The time at which C, is

1
sampled depends on the width of the monostable pulse (M1);

the length of the sample is controlled by M2. The normally-
high (5) output of M2 is fed to the base of Ql' The output

at the collector is normally -12 volts, because the transistor
is conducting (saturated); the arrival of the pulse (from 4 to

0 volts) turns off the transistor, causing the collector voltage
to go to zero. Thus the gate of the JFET (QM) is normally

held at =12 volts, hence cutting off conduction from source to
drain (this is the "hold" state). When the gate goes to zero

and C,.

volts, the FET conducts, equalizing the voltages on Cl P

(This is the "sample" period).

The output of the sample-and-hold is a step function which
approximates the analog signal at the transmitter (Figure A.7.12).
The JFET stage (QS) is simply a high-input-impedance, low-gain

amplifier, to avoid loading the capacitor C The RC network

5
in parallel with the output of this stage 1s a low-pass filter

b7




IR ——- e

which begins rolloff at about 2 kHz. This eliminates much of
the high-frequency noise associated with the step-function
input. The output level is approximately one volt, compatible

with most audio amplifier inputs.

3. Photographs

All photographs were taken with a 500 Hz sine wave as the
input to the modulator. The photographs are intended to give a
clearer understanding of the circuit operation, and give an
idea of performance of the overall modulation-demodulation
system. Neither time scales nor voltage scales are given, since
it is only the appearance of the waveforms that is important.

Figure A.7.8 is the 500 Hz sine wave at the input to the
modulator. Figure A.7.9 shows the 500 Hz output of the de-
modulator. The difference in waveforms is slight; there is no
detectable difference in the signals when listened toc.

Figures A.7.10 and A.7.11 show the voltage on capacitor
C1 of the demodulator. Figure A.7.10 shows the result with
the input signal level adjusted so as to utilize 14 levels of
the 16 available. Figure A.7.11 is the result with the input
signal (at the modulator) attenuated - only 3 of 16 levels are

utilized. The arrow on each photo shows the position in time

of the sampling of the voltage on Cl'

Figure A.7.12 is the voltage on C, with the modulator

2
input level adjusted for the full 16 levels (maximum input

level before distortion). It is this signal which is amplified
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Figure A.7.8 500 Hz Input to Modulator.

FPigure A.7.9 Demodulated Output Signal.




Figure A.7.10 Voltage on C; of Demodulator
with 14-level Encoding.

Figure A.7.11 Voltage on Cl of Demodulator
with 3-level Encoding.
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Figure A.7.12 Output of Sample-and-hold
Circult before Filtering.
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and filtered to give the waveform shown in Figure A.7.9. Note
in Figure A.7.12 the even spacing between levels - this is an
indication of the quality of the demodulator, as well as the

accuracy of adjustment of the set-up controls.

4, Performance

The performance of the overall system was evaluated
objectively and subjectively. The -3 dB bandwidth extends froﬁ
110 Hz to 2.8 kHz. This is a nearly ideal response curve for
voice communication. The frequency response was measured with
a sine wave input to the modulator: the amplitude of the input
signal was adjusted to utilize all 16 levels (100% modulation).

Subjective performance was evaluated by listening to both
voice and music played through the system, using a cassette
recorder as a signal source. Voice was completely intelligible
under normal circumstances - however, as the input signal level
dropped ("speaking softly"), distortion increased because fewer
of the quantum levels were utilized. This characteristic is to
be expected with a 16-level system; compression of the audio
signal will be used in the final application, to overcome this
problem. Performance with music as a signal was quite good,
especially when the dynamic range of the signal was relatively
narrow.
PLANS FOR THE NEXT INTERVAL

The Gunn diode oscillator circuit will be designed and

constructed. A suitable pulser for the Gunn oscillator will

o




be designed and tested. Experimentation with both transistor
and delay-line pulse networks will be done to maximize pulse-

repetition frequency.

A.8 STUDY OF SOLUTICN EPITAXIAL GROWTH AND PERFORMANCE OF
GaAs

M. Randles, L. F. Eastman¥ and C. A. Lee¥

a. Introduction

The Berg-Barrett method of x-ray topography using the
equipment available was deemed insufficient for the task of
revealing fine details of the interfaces of a GaAs multiple
epitaxial layer diode structure.

b. Discussion of Results

In the previous report, the sample alignment procedure
for obtaining Berg-Barrett x-ray topographs of GaAs was de-
tailed. The photographic exposure of the reflected x-ray beam
is essentially a one-to-one image of the crystal surface. This
means that any magnification of the surface detail has to be
accomplished by standard photographic enlarging techniques.
This sets a practical upper limit of about 100 times magnifica-
tion for a good negative. Therefore, the quality of the x-ray
negative determines the amount of surface detail that can be

resolved.

It was determined that the x-ray equipment used here is

insufficient for cleavage face x~ray topography. To observe

*Project Supervisor 4
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typical detail on a cleaved edge would require resolution of
5-10 microns. Many attempts were made to achieve this type
of resolution but with no success. It is felt that the resolu-
tion could be improved by using a microfocus x-ray source but
none was available.

The Berg-Barrett method, however, retains its position as
a valuable analytic tool for larger surfaces (greater than a
couple millimeters on a side, for example). The description
of the Berg-Barrett method given in previous quarterly reports
will provide a handy step-by-step guide for anyone wishing to

use this technique.

PLANS FOR THE NEXT INTERVAL

This is the final report on this subject.

A.9 STABLE GUNN OSCILLATOR

V. Wrick and G. C. Dalman#¥

a. Introduction

A frequency-stable C.W. microwave source has potential
applications in ultra-sensitive receivers, lab equipment, or as
a locking source for high power transmitters. By using a

varactor-tuned Gunn oscillator,

44

reaction cavity, and a phase

detector, a phase-locked lcop has been realized which provides
a highly stable X~band source.
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| b. Discussion of Results

- E TS

Figure A.9.1 shows the circuit diagram for the phase-
locked loop. The reaction cavity shown in the figure is tuned
to the normal free-running frequency of operation, fo. The
reaction-cavity is placed in the line at a distance L/Ag from
the source such that it is a parallel resonant circuit at the
plane of the oscillator. Power from the reaction cavity is fed
to one port of the balanced-mixer phase detector, and an equal
amount of power is fed to the other port of the phase detector
from the output of a coupler connected to the main transmission
line. The location of the coupler and length of the connecting
transmission line is adjusted so that the output of the phase
detector 1is zero. If a phase shift occurs as the result of a
frequency change of the oscillator, the output of the phase

detector becomes finite. This error signal is amplified and

fed back to the varactor with the proper polarity to retune the
oscillator for the minimum error signal.

The reaction cavity is a significant element in short-
term FM noise reduction as well as providing the phase dis-
criminator. The feedback loop is necessary to provide long-term
stabilization of the oscillator frequency over Af values in

excess of those possible with the reaction cavity stabilizer

alone. This loop can also provide some short-term stabilization.
Figure A.9.2 shows a block diagram of the test facility used

to measure the bandwidth of the cavity. The cavity provides an
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effective stabilizing range of around 2 MHz. Figure A.9.3 shows
a graph of the locking range of the oscillator for two feedback
gains, and the unlocked tuning range. The moveable short behind
the oscillator provides a way to mechanically tune the source.
This perturbation is a measure of the stabilization factor, S,
of the feedback system. S is defined as the frequency’ change of
the unlocked oscillator, per unit change of mechanical tuning,
divided by the frequency change of the locked oscillator, per
unit change of mechanical tuning. Thus S has a minimum of 1 in
the 1limit of no feedback and a maximum of infinity for an in-
finite gain negative feedback loop. For the system tested,
S = 40.8 for a feedback voltage gain of 10, and S = 81.6 for a
galin of 100

The varactor tuned Gunn oscillator used in conjunction with
the phase locked loop is a good low noise source. By improving
the discriminator and utilizing a high gain low noise DC ampli-
fier in the feedback loop, it is conceivable that S could be
raised to 1000. For low gain in the feedback loop, the circuit

has the potential for use as a phase locked loop FM detector.

PLANS FOR THE NEXT INTERVAL
Near carrier FM noise measurements will be made to deter-
mine the amount of noise reduction brought about by this fre-

quency stabilization method.
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B. TRANSIT-TIME DEVICES AND RELATED RESEARCH

INTRODUCTION

This task is concerned with new methods of generating,
controlling and amplifying microwave signals in both silicon
and gallium arsenide. Emphasis is on transit-time negative
resistance effects. Included are studies of device operation
based on avalanche effects; on punch-through-injection pheno-
mena; of diode fabrication techniques; and of materials pro-
cessing methods. The main objective is to develop high
performance microwave devices.

Section 1 discusses research directed towards obtaining
higher average power output of TRAPATT diodes, Section 2
discusses progress made on the GaAs Schottky barrier avalanche
diode development program, and Section 3 discusses high fre-
quency high-efficiency avalanche oscillators. Sections 4 and
5 deal with high frequency pt-—n—p+ diode oscillators and with
punched through injection (Baritt) oscillators. A new program
on microwave transistor studies is reviewed in Section 6 and
Section 7 discusses a study program to evaluate the relaxing
avalanche mode. Section 8 deals with studies of a synchronous

"

detuned oscillator power combiner.
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B.1 OPTIMUM STRUCTURES FOR HIGH AVERAGE POWER TRAPATT DEVICES

J. Frey

a. Introduction

During this interval efforts were concentrated on the
technology of TRAPATT diode fabrication, including etching and
thinning procedures for multiple mesa devices.

b. Etch Procedures

Use of evaporated and alloyed gold as both a contact and
a mesa etch mask has been described previously.1 Although
considerable success was achieved using the gold mask, an
attempt was made during this interval to use a thermally grown
(steam) oxide as an alternative mask. In addition, a plated
heat sink process was attempted. While the plated heat sink
was a success, the oxide mask failed to withstand the mesa etch.

In brief, the total multi-mesa process consisted of the
following steps:

1. Sheet diffusion, using spin-on dopants

2. Etch thin wafer in bubble etcher2 to ,0015" = (@02"

3 Grow 1lu steam oxide on substrate side of wafer

4 Evaporate gold on junction side of wafer

5 Alloy gold

6. Plate gold to .002"

7. Photoresist and etch multi-mesa pattern on oxide

8 Etch mesas.

This process was successful until step 8, at which point the
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oxide failed to mask successfully against the CP4 etch for a
sufficiently long etch time.

Thermocompression wire bonding of planar IMPATT diodes was
perfected during this interval. The diodes, which are .006" in
diameter, with oxide-masked junction edges, are contained in
.015" square chips. Die bonding is performed using 88/12 Au/3i
preforms at 300°C. Thermocompression wedge bonding is accom-
plished using .001" Au wire at a temperature of 320°C. A
bonded planar diode, on a .015" x .015" x .008" chip, is shown
in an S4 package in Figure B.1l.1l. The diode shown produced
200 mW peak-pulsed power in C band, in a coaxial two-slug
circult.

PLANS FOR THE NEXT INTERVAL

During the next interval the plated gold heat sink process,
which permits handling wafers etch-thinned to .002" or less,
will be combined with the gold etch mask in a continuation of

the study of multiple mesa fabrication procedures.

References

1. J. Frey, "Optimum Structures for High Average Power TRAPATT
Devices", RADC-TR-72-45 Technical Report, March, 1972.

2. A.I. Stoller, et al, "A New Technlique for Etch Thinning
Silicon Wafers", RCA Rev. 31, p. 265, 1970.
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Figure B.1.1 .006" Diameter Planar IMPATT
Diode on 015" z .015% x .008"
chip, bonded in S4 package.
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B.2 GaAs SCHOTTKY BARRIER AVALANCHE DTIODES

N. 0. Johnson, G. C. Dalman¥ and C. A. Lee¥

% a. Introduction
Work during this period has been concerned primarily with
the growing of liquid phase epitaxial layers suitable for

avalanche diodes. The method of growing was described in a

previous report.l During this quarter seven new runs were
made. The results are discussed below.

b. Experimental Results

A summary of the results obtained is shown in Table 1.
Run #10 was the first run with two epitaxial layers on the
same substrate. It showed that even without intentional doping
of the gallium melt it was not possible to reach a doping less
than lxlO16 cm_3. In order to improve this situation, runs
#11 and #12 were made. The bottom wafer was replaced by a
wafer made from the source material. In run #11 both the buffer
layer and the active layer were grown with a source material
wafer present. In run #12 only the active layer was grown in
this way. In both cases the doping was close to 3x1016 cm_3,
and no difference caused by the two ways of growing the buffer

layers could be detected. The #11 wafer was smooth with many

pits. Diodes were made which showed a flat doping profile with

a slight increase close to the substrate. These diodes oscilla-

ted in an X-band cavity with typical values shown in Table 2.

¥Project Supervisor
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In run #15 a slow cooling rate was used. This enhanced the

problem of obtaining an even coating. When earlier epitaxial

layers were polished, it was evident that because of a tempera-
ture gradient along the surface of the wafer the epitaxial layer
was slightly thicker close to the edges than in the center.
With the slow cooling rate there was no epitaxial layer at all
in the center. A careful examination of this wafer under a
microscope revealed the formation process of the pits in many
earlier layers. The epitaxial growth started at a limited
number of nucleation centers and from those points growth took
place in only one direction at a certain angle to the surface.
Just before the growth front from one nucleation center reaches
the one in front of it, a small pit is formed. Therefore there
is a correlation between the number of nucleation centers, the
thickness of the epitaxial layer and the number of pits. Thus
a higher temperature or a thicker spacer between the wafers
may reduce the number of pits.

In run #16 the temperature was increased to 760°C, which

should give an average epitaxial layer thickness of 6 um

instead of 4 um at 730°C. The number of pits was lowered
considerably. The doping was, however, unusually high,
2x10%7 em™3,

In run #17 the 0.25 mm thick spacer was replaced by the
0.40 mm thick spacer. The temperature was lowered to 715°C to

give a 6 um thick epitaxial layer. There was an increase in 1
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pits as compared to run #16. The doping was 1x1016 cm-3, and

} diode parameters are shown in Table 2.
Diodes have also been made from vapor phase grown material

3

purchased from Monsanto2 in a way described by Berenz. The

best result as yet is shown in Table 2.

PLANS FOR THE NEXT INTERVAL

The growth process of epitaxial layers will be refined and

the testing of diodes in circuits will be started.

References
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2. N.O0. Johnson, G.C. Dalman and C.A. Lee, “GaAs Schottky
Barrier Avalanche Diodes", Advanced Concepts of Microwave
Generation and Control in Solids, Technical Report RADC-
TR-71-307, January 1972, pp.49-50.

3. J.J. Berenz, A Gallium Arsenide Schottky Barrier Avalanche
Diode Oscillator, RADC-TR-71-19, January 1971. 3

B.3 HIGH-FREQUENCY HIGH-EFFICIENCY AVALANCHE OSCILLATIONS
H. A. Hung and C. A. Lee¥*

a. Introduetion

Work done during this quarter may be divided into three
parts: further investigations on the diode chips made in pre-

vious periods were performed; new diodes were obtained with

¥Project Supervisor
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diffusion runs from new substrates; and, a ridged waveguide

cavity for high-efficiency operation was completed.

b. Experimental Results

More chips from the diffusion run, DR 2/24 with 3 Q-cm
epi-resistivity, were bonded in order to investigate the diode
performance. The yield of diodes with good dc I-V character-
istics, esrecially in the reverse direction, was very low. The
problem could be a result of the fact that the density of defects
in the epi-wafer was high. The yield was further reduced
because the chips were made fairly thin, less than a mil in
total thickness, and the sample was poorly scribed, making the
process of thermocompression bonding with the existing large
size bonding tip difficult. An alternative is to use a stitch
bonder. Nevertheless, a few diodes were made with reasonable dc
reverse-bias characteristics. They had a breakdown voltage of
76 volts, a value higher than one would expect for high fre-
quency operation. On testing these dlodes in a coaxial cavity,
tuned with three non-conducting slugs, clean TRAPATT signals
as observed through a tunnel diode detector were obtained. The
typical result, so far, was 7.5 watts with 23% efficiency oper-
ating at 1.45 GHz. The diodes were pulsed at 500 cps with pulse
width of 600 ns.

Another diffusion run was performed on two samples simul-
taneously, hoping that higher frequency diodes would be made.

These samples were from the same batch of wafers as the 3 Q-cm
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ones used in all previous diffusion runs, except that they had
epi-resistivity values of 2.7 and 4.2 Q-cm as indicated by their
manufacturer, Semimetal. However, no successful diodes with
expected parameters were fabricated. Better quality epitaxial
material would be sought.

New wafers of Si NN+ epi-substrate were purchased from the
manufacturer, KEV Inc. The resistivity of the epi-region
ranges from 2.5 to 3 Q-cm. A value of around 4 um for the epi-
thickness was observed after a sample was scribed, lapped, and
stained. Defects in material, in particular, dislocations, were
investigated with Sirtl etch: equal volumes of solutions, A:

one part by weight of Cr20 and two parts by weight of H2O,

B
and B: HF. Figure B.3.1(a) shows the result of the epi-surface
of the new material after it was treated with the Sirtl etch for
4 minutes at room temperature. The diameter of the exposed
sample was 2.2 mm. The density of the etch pits was found to

be fairly low, roughly 900/cm2, and was not increased much with
the etching time doubled. For comparison, a similarly treated
sample by Semimetal, used in previous diode fabrications, is
shown in Figure B.3.1(b). It is obvious that the etch-pit
density is higher in the old material than in the new one.

These dislocation defects, while originating from the substrate
or at the interface with the epitaxial layer, taken by them-
selves, do not change the electronic properties of the epitaxial
layer. They give rise, however, to inhomogeneities in the

diffusion of impurities and act as nucleation centers for metal
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(a)

(b)

Figure B.3.1 (a) Epi-surface by KEV showing the
Etch-pit Density. (b) Epi-surface
by Semimetal showing the Etch-pit
Density.
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precipitates. Possibly, p-n junctions with these defects
exhibit short-circuited or soft reverse-breakdown character-

istics. Breakdown may be initiated by the formation of micro-

plasma at the edge of these dislocations. It is believed that
the yield of processed Silicon wafers that have been properly
characterized and contain a low density of defects would be
much increased.

The new wafer was outdiffused at 1200°C for one hour,
followed by Ga-diffusion at 1150°C (measured at the surface
of the diffusion bucket) for a period of 6 minutes plus 4 ;
minutes to bring the temperature up. The substrate side of
the sample was then lapped and chemically polished down to
less than 2 mils thick. Metallization was done by first
sputtering Pt on the P+ side at 4 ma for 15 minutes. Au was
then sputtered on the substrate N+ side for a prolonged period
of 25 minutes including an alloying time of about 10 minutes.
Finally, Au was sputtered on the P+ side for the purpose of
easy bonding. The sample was scribed into 10 x 10 mils2
chips. A hundred percent yield of diodes with excellent dc
I-V characteristics was obtained after the chips were bonded

and etched. The breakdown voltage ranges from 22 volts to

29.5 volts for varying chips. Capacitance-voltage measure- i
ments were made on several of the bonded diodes. Plots of |

2

1/C- and l/C3 versus reverse-bias voltage were made. A

straight line was obtained near the junction only in the
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plots of l/C3 versus voltage, as shown in Figure B.3.2,
indicating that a cube-root junction had resulted. The
reason is due to the fact that the epiftaxial width was fairly
narrow to start, the outdiffusion and diffusion consequently
causing a non-uniform impurity doping density across the
depleted region. This is also illustrated by the gradual
decrease in capacitance value as the reverse-bias voltage

approaches the breakdown value. There is no obvious indica-

tion of punch-through or capacitance value leveling off for
higher reverse-bias. More characterization of these diodes
including the investigation of the mechanism and the tempera-
ture effects of the saturation current is in progress.

Work has also been completed in the design of a ridged
waveguidel’2 cavity. In order to operate a diode in the
high-efficiency mode, a circuit capable of operating over a
3:1 frequency range is preferred. It also should have low
loss at harmonics of the fundamental output frequency. For
an X-band operation, a coaxial cavity will have very small
dimensions .a f2w millimeters diameter) in order to push the
cut-off frequency of the higher-order mode up to the 30 GHgz
regior. A ridged waveguide would be the probable alternative.

With a ridge inside and portion of the internal dimensions

reduced, the structure provides two advantages. One, the cut-
of f frequency of the dominant mode is lowered while that of
the higher-order mode is raised, providing a wide operating

bandwidth. It has the added advantage of lowering the wave
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impedance with respect to the rectangular waveguide. However,
tuning in a waveguide to provide all the proper impedance for
the harmonics may be more of a problem than in a coaxial
cavity. Figure B.3.3 shows a schematic of the waveguide cavity
made. The cavity itself had dimensions which were less than
those of a Ku-band with a ridge in the center along the wave-
guide. The ridge and the side walls tapered into a regular
X-band waveguide with minimum discontinuity at the transition.
A low-pass filter was used for feeding bias into the diode.
The screws and the sliding short provided the major tuning.
During experiment another slide screw tuner can be used to
give more matching. With this arrangement, the calculated
cut-off for the TE20 mode was 23 GHz and that of the dominant

TE 7.5 GHz, giving a bandwidth close to 3 to 1 ratio.

102
Initial testing of the ridged waveguide circuit, together

with the newly fabricated diodes, has shown oscillation in

the X-band. The circuit and the diodes have not been optimized

for operation yet. At present, the tested diodes have fairly

large areas. Two modifications will be made. One is to

reduce the size of the chips by etching; the other is to try

"bare mounting" the chips, eliminating some of the parasitic

elements due to the package itself.

PLANS FOR THE NEXT INTERVAL
Further investigation of the new diodes from the new

material will be performed, particularly in the ridged

T4




waveguide cavity. Some improvements on the cavity may be

necessary.
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B.4 HIGH FREQUENCY Pt-n-p+ MICROWAVE OSCILLATORS

J. Oakes and C.A. Lee¥

During this quarter, diodes were fabricated from the
silicon slice previously described and these were character-
ized by observing some of their DC and AC properties. Con-
struction cf an M band (50-75 GHz) circuit [or operating the
devices was also begun.

Previous Quarterly Reports have described a silicon
Pt—n—p+ structure of total thickness 3.5 mils and n-epi
layer thickness near 1 uym. This silicon wafef was scribed
and broken using a diamond tipped scriber .0055" square

chips. These chips, some threaded A packages and some

pieces of .004" x .0005" gold ribbon, were thoroughly cleaned
and the chips bonded into the packages at 20,000 psi and

300°cC.

¥Project Supervisor
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Photographs of the DC characteristics of two of the
resulting diodes are shown in Figure B.4.1. The negative
voltage axis corresponds to forward bias of the Pt-n junction
resulting in the higher potentials observed for conduction in
that direction. The diode of B.4.1 (a) requires a voltage of
-14V for a current of 1mA while the diode of B.4.1 (b) requires
only -2.6V for the same current. Some of the bonded diodes
looked purely resistive no matter how often they were etched.
These differences in DC characteristics are believed to result
from large variations in n-type epi-layer thickness across
the wafer due to the inadvertent exposure of the epi-layer to
a strong etch while the substrate of the wafer was being
thinned.

C-V measurements were performed on the diode of Figure
B.4.1 (a) using a GR 250A RX meter at 100 MHz. Figure B.4.2

shows the resulting data. Using

Avea = 1.4 x lo_acm2

€Silicon = 1.05 x 10 2F/M

2
1500 en"/ . o0

Msilicon

we can calculate the doping density of the n-epi layer to be

1.8 x 1012 em™3 or 2.3 Q-cm resistivity since

(1




(a)

| mA/DIV. —>

(b)

| mA/DIV. —>

Figure B.4.1

5v/DIV. —>

IV/DIV. —

Pt—n—p+ Diodes
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